Résumé. 2014 Les solutions aqueuses de polymères hydrosolubles peuvent être décorées par des micelles de tensioactifs qui adsorbent des brins de polymères. Le 
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Decoration of semidilute polymer solutions with surfactant micelles (0) Abstract. 2014 Aqueous polymer solutions can be decorated with surfactant micelles which bind to the polymer strands. The elementary process wraps a section of a macromolecule around a micelle ; if the macromolecule is long enough, it clothes many micelles and connects them by free strands. Here we consider semidilute polymer solutions, where macromolecules of poly (ethylene oxide) form an irregular web throughout the sample. Sodium dodecyl sulfate micelles are added to the solution ; because of their electrostatic repulsions they tend to form a 3-dimensional array which is coupled to the web through the binding. The structures of such decorated webs are studied through small angle neutron scattering ; depending on the composition of the solution, 3 patterns of correlations are found : adaptation of the web to the original intermicellar spacings, disruption of the intermicellar spacings by the web, spillover of excess micelles by saturated necklaces.
J. Physique 48 (1987) In water many types of dissolved macromolecules will bind to the surfaces of ionic surfactant micelles [1] . The elementary step of the binding wraps 'a section of a macromolecule around a micelle [2, 3] ; if the macromolecule is long enough it can clothe many micelles connected by free strands (Fig. 1 [14, 32] .
At low Q this structure factor is depressed by the electrostatic repulsions, which suppress the long range fluctuations of the density of micelles ; then there is a peak which reflects the correlations between neighbouring micelles ; finally, at large Q, the phase factors in (1) Figure 2 shows the results of a neutron scattering experiment on SDS micelles ; they are analyzed according to equation (2) by postulating a general model for micellar structure and intermicellar forces (8, 9) , calculating S(Q) through statistical mechanics [15] [16] [17] Note that the intermicellar peak is a liquid structure peak rather than a Bragg peak : they array of micelles is far from being perfectly ordered, and indeed the corresponding peak in gmm (r) is rather small (8) . Still [19] ; consequently the pair correlation function of all monomers is damped by a factor e-rlt where the screening length t is equal to 0.35 gb [20] . The structure factor of the whole web has the form : Figure 3 shows the intensities scattered by semidilute PEO solutions, plotted according to equation (4 [3] .
In figure 4 the scattering curves for a pure SDS solution and for a semidilute solution of PEO are compared. Two features are worth noting. First, the [21] where the 8p describe the variations in the concentrations of micelles and polymer in response to an external potential 6+ acting on the micelles, and u is the strength of the polymer-micelle interaction. This results in an indirect coupling between micelles through polymer strands, and between polymer segments through the micellar array.
In a scattering experiment, contrast matching allows the scattering from the polymer to be observed separately from that of the micelles. Then, according to linear response theory, the intermicellar correlations will still show up in the scattering of the polymer, while the long range fluctuations of the concentration of polymer segments will raise the osmotic compressibility of the micellar array at low scattering vectors :
The effects of this coupling are small, excepted in those ranges of Q where the denominator comes close to zero. This may occur near the peak of intermicellar correlations, resulting in the growth of a related peak in the scattering curve of the polymer ( (Fig. 6 ). It rpay also occur at low Q, where the long wavelength fluctuations of the polymer concentration are large (Fig. 4) , and will raise the structure factor of the micelles despite their electrostatic repulsions (Fig. 6 The first constraint applies to the purity of SDS. This amphiphile is made through the sulfonation of dodecanol [22] ; if some of this alcohol is left at the end of the reaction, it will not be eliminated by classical purification procedures [23] [24] [25] . In dilute SDS solutions, small amounts (a few %) of dodecanol induce the formation of very large aggregates such as disks [26] (Fig. 7) . Each of these behaviours can be given a simple interpretation if the system is a solution of independent necklaces, where a macromolecule which meets a micelle will saturate its surface, and then go on with a free strand before binding to another micelle [45, 46] . (the overlap concentration for PEO macromolecules saturated and stretched by SDS micelles is substantially lower).
3.1 REGION A. -At high polymer/micelle ratios, the micellar array is not perturbed by the polymer : its scattering curve is similar to that of free SDS micelles, with a correlation hole at low Q and a single peak near the same correlation distance d. = 150 A for x = 0.01 g/cm3 (Fig. 8) . If anything, the arrangement of the micelles is more regular than in a free array, because the long wavelength (low Q) fluctuations of their concentration appear to be nearly completely suppressed.
The coupling shows up in the correlations of the polymer web, whose Fourier components are strongly depressed in the range 5 x 10-3 Q 2 x 10-2 Å -1 (Fig. 9) The peak which appears at Q = 3.5 x 10-2 Å-1 in the polymer scattering is merely the conjunction of the rise which follows this depression with the normal decay of the polymer scattering at high Q. Nevertheless it is noteworthy that its position matches that of the average intermicellar spacings (Fig. 10) . 3.2 REGION B. -At lower polymer/micelle ratios, the array of micelles is disrupted, and its peak splits into a main peak at lower Q and a subsidiary peak at higher Q ; in this range the scattering curve of the polymer still gives a peak, which coincides with the main peak of the SDS curve (Fig. 11) . A key to understanding the origin of these peaks is provided by their variations with the polymer concentration y. As the polymer concentration drops, the 2 peaks for the intermicellar distances keep moving apart, until the lower boundary of region B is reached. Figure 12 shows the shift of the main peak across region B ; here the concentration of SDS micelles is kept constant (x = 5 x 10-3 glcm3, average intermicellar distance for free array dm = 170 A), and the polymer concentration y is varied. We start from the Fig. 12 (Fig. 13) . The y dependence of the main peak is close to the square root law found for a similar peak in semidilute solutions of linear polyelectrolytes [42] [43] [44] . Therefore the main peak of the SDS scattering curves may be caused by correlations between linear charged objects, i.e. necklaces of SDS micelles. The order of magnitude is right, since the position of this peak is close to the mesh size gb of the original web (although the mesh size for a semidilute solution of necklaces may differ somewhat from that of its parent web). Moreover, this interpretation is supported by the fact that a peak is observed at the same position in the PEO scattering curves.
The subsidiary peak at high Q has the same position in both dilute and semidilute solutions (see the following section) ; it corresponds to a distance between consecutive micelles within a necklace. As the number of macromolecules is lowered, these micelles should find themselves pushed closer together in each necklace, and the peak should move to higher Q as x/y. However this crowding is opposed by the electrostatic repulsions between micelles ; instead, the polymer strands stretch to accommodate more micelles per chain without bringing them closer together ; hence the weak dependence observed for the position of this peak (Fig. 13) . These (Fig. 14) . Circles : scattering by the SDS micelles. In this region there are few macromolecules, completely saturated with bound micelles ; their scattering curve decays as Q-1.3, indicating that they approach the configurations of rigid rods. Most micelles are free, giving a scattering curve which is very close to that of a pure micellar solution (see Fig. 4 ).
Of course the organization of the micelles in the mixed solution must eventually return to that of a pure surfactant solution when the polymer concentration is low enough ; the remarkable feature is that the crossover is abrupt. A similar crossover occurs at the same composition in dilute solutions [3, 4] : there as well, an abrupt saturation of the polymer is observed when x/y decreases below a stoichiometric value ; the micelles which cannot be accommodated on the dwindling number of macromolecules are spilled over in the solution where they coexist with the bound micelles.
This saturation occurs when the adsorption of new micelles on the necklaces raises the stretching free energy of the macromolecule and the electrostatic repulsions beyond the gain in adsorption free energy. Then the spacings of micelles in a necklace reach their lower limit, which can be estimated from the position of the subsidiary (intra-necklace) peak observed for SDS at the bottom of region B : we find 85 A for solutions with no added salt (Fig. 13) , and 60 A at high ionic strength [3, 4] .
In region C, the configurations of the saturated necklaces cannot be studied from the scattering curve of SDS, since that is dominated by the excess micelles ; however they can be determined from the scattering curve of PEO. This curve shows the same Q-1 monotonic decay throughout region C, both at low concentrations of PEO and SDS (Fig. 14) and at concentrations which are higher by one order of magnitude (Fig. 15) . The decay is monotonic (instead of the hole and peak observed at low Q in region B) because the excess micelles screen the internecklace correlations; the Q-1 law expresses the stretching of the saturated necklaces by the repulsions between adsorbed micelles. In figure 16 the scattering curve of PEO in streched necklaces is compared to that of the free polymer : the effect is indeed spectacular, as the self avoiding random walk of the free polymer is replaced by a rodlike configuration. Moreover, as the polymer strands stretch, In this section the locations of the crossovers are rationalized on the basis of the necklace models for the organization of the solutions. Experimentally, the upper crossover has been found to be a line of slope 0.45 ± 0.5 in a Log-Log map of the compositions (Fig. 7) ; it separates two types of structure defined respectively by the interference patterns shown in figures 10 and 11. The lower crossover is a stoichiometry (slope 1 in Fig. 7 [2, 3] . For x xo the solution does not form micelles ; for x ~ xo micelles are formed but their concentration is so low that they do not generate appreciable repulsions ; they are also smaller than regular SDS micelles [49] .
The crossover at y = y * is the overlap concen- What is wrong in this analysis is the assumption that each micelle interacts weakly with all polymer strands in its vicinity, and vice versa. Indeed, the interaction occurs through the adsorption of polymer strands on the micellar surfaces, and it is well known that polymer adsorption can be a highly non linear process. The adsorption of polymers on small spheres is particularly odd, because a macromolecule which meets a sphere will always lower its free energy by saturating the sphere's surface [45, 46] ; it is unlikely that 2 macromolecules or 2 remote sections of the same chain will be allowed in the vicinity of the same sphere, unless the overall density of macromolecules is so high that gb is smaller than the sphere's radius [48] .
Consequently the system does not form the « gel » predicted by linear response theory. Instead 
